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Abstract. We show that the resistive X-point mode is dominant mode in boundary
plasmas in X-point divertor geometry. The poloidal fluctuation phase velocity from the
resistive X-point turbulence shows experimentally measured structure across separatrix.
The fluctuation phase velocity is larger than E x B velocity both in L and H mode phases,
by at least a factor of two. We also demonstrate that there is a strong poloidal asymmetry of
particle flux in the proximity of the separatrix. Turbulence suppression in the L-H transition
results when sources of energy and particles drive sufficient gradients as experiemnts.

1. INTRODUCTION

The performance of tokamaks and other toroidal magnetic devices depends crucially on
the dynamics of the boundary region, that is the transition region from the hot core plasma
through the separatrix to the material surface of the first wall. Plasma turbulence, and
the resulting anomalous cross-field plasma transport, are crucial physics processes in the
boundary region, affecting on both core plasma confinement and plasma-wall interactions.
Reduction of anomalous plasma transport at the boundary, associated with the transition
to the H-mode operating regime, leads to sharp pedestal-like structures in the temperature
and density profiles. The ubiquity of the L-H transition indicates some robust, ‘universal’
ingredient, such as EE X B shear suppression which has been invoked for both internal and
the H-mode transport barriers [1]. The fact that changes seem to be participated at the
outer midplane is suggestive of mechanisms based on the stabilization of the ballooning
modes or suppression of turbulent transport by radial electric field shear [2].

Although the H-mode can be realized in a wide variety of toroidal systems, it is most
clearly associated with divertor tokamaks possessing a separatrix. It has been observed
in DIII-D [3] and JET that the number of X-points and their locations in divertor con-
figurations play an important role in determination of the H-mode power threshold. This
threshold is higher in double-null (DN) divertors than in single-null (SN) divertors and is
lower for forward B (i.e., the direction of the ion VB drift towards the X-point}) than for
reverse By in SN divertors [4]. It has been argued that the power threshold is not due to
intrinsic plasma parameters within the separatrix, but rather parameters at the plasma
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edge or in the scrape-off-layer (SOL) plasma which depend on the field line geometry.
QOur previous work provides physical understanding using BOUT (a 3D nonlocal electro-
magnetic turbulence code) simulations [5]. BOUT models boundary-plasma turbulence in
a realistic divertor geometry using Braginskii equations [6] for plasma vorticity, density
(n;), electron and ion temperature (7}, T;.) and parallel momentum. It has been found that
X-point damping coupled with the change in boundary flow direction plays a crucial role
in determination of the fluctuation levels. The BOUT simulation results predict higher
fluctuation levels in reversed B; than forward B, in SN divertor tokamaks due to a change
in boundary flow direction away from the X-point that impacts the strong damping near
the divertor X-point {7]. The sensitivity is less in systems possessing up-down symmetry,
such as a tokamak with a circular cross-section and symmetric DN divertor configurations. -
Theoretical symmetry considerations lead to a similar conclusion [8].

In addition to the complexity of the nonlinear dynamics of the turbulence (and unlike
core plasmas), the fluctuation levels in edge plasmas are comparable to mean values and
the time and spatial scales of turbulence can be comparable to that of the background
parameters. To simulate a dynamically steady state in plasma boundary would require
coupling the turbulence to the evolution of averaged profiles, including particle and energy
sources and sinks. That requires carrying out the calculation over a transport time scale,
typically on the order of ~ 50ms. Such a long calculation is difficult if not impossible with
present computer capabilities for large-scale turbulence calculations like BOUT. However,
the L-H transition typically takes place on a turbulent nonlinear time scale ~ 100us and
BOUT is able to capture the transition dynamics.

The remainder of the paper is organized as follows. Section II discusses X-point effects on
boundary turbulence and its characteristics. Results concerning the dynamics of the L-H
transition are given in Sec. III. Finally, a summary of this paper is presented in Sec. IV.

2. Boundary turbulence with X-point geometry

The early stability and turbulence studies have indicated that the separatrix geometry
together with characteristic steep gradients at the edge of H-mode discharge tend to
introduce strong stabilizing effects for MHD ballooning modes when the X-point region
has good curvature [9] and greatly reduce the turbulent thermal conductivity due to
the electrostatic resistive ballooning modes [10]. The classical resistive ballooning modes
falls into two separated classes based on the ordering of the resistive time scale [11}: (i)
those driven by A'B, the energy source from ideal region and (ii), Carreras-Diamond-type
modes, driven by pressure gradients from within the non-ideal region. The class (i) mode
is unstable only if very close to the ideal MHD stability ballooning boundary, 8 ~ Bigeai,
where A — 00. The necessary condition for class (ii) mode is that its growth rate, =,
must exceed the sound frequency, i.e., that v > ¢;/gR, with ¢, being sound speed, R
the major radius, q the safety factor. Since for circular geometry this constraint can be
expressed as a condition on the toroidal mode number n, n > const./¢%2, it suggests that
the mode is always unstable in the H-mode pedestal of a separatrix plasma boundary
where ¢ — 0o. The RX mode discussed here is the physical manifestation of the class (ii)
modes in X-point geometry.

2.1 Resistive X-point modes



The recent studies of the resistive ballooning modes in the boundary plasma of diverted
tokamaks have been given in the context of a collisional fluid model [7, 12, 13]. It is
shown that the large magnetic shear and small poloidal field in the X-point region act to
increase the wavenumber, and hence the importance of the resistivity, near the X-point.
The resulting “disconnection” of the eigenmodes across the X-point profoundly influences
the unstable spectrum. A new class of modes called resistive X-point (RX) modes exploits
this synergism between resistivity and the X-point geometry, giving rise to robust growth
rates at moderate-to-low mode numbers. Relative to an equivalent limited plasma, the
diverted plasma is shown to be more unstable in the edge (inside the separatrix), and more
stable in the scrape-off-layer. The radial profiles of linear mode characteristics calculated
from the linear stability code BAL [13] are given in Figures (1). Since the mode number
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FIG. 1: (a) Linear growth rate of RX mode in X-point geometry and in shifted circle, and (b)
the poloidal phase velocity in the E X B drift frame of RX mode in X-point geometry and in
shifted circle from linear calculation

for the most unstable mode in the X-point geometry is roughly constant (n ~ 40-80) in
the proximity of the separatrix (z ~ £1.5¢m), the profile of the phase velocity is similar to
the profile of the real frequency (w = k,v, and &, = nB/RB,). The RX mode is analogous
- to class (ii) modes in the X-point geometry. However, the simple analytical solution of
the class (ii) mode is not applicable in the boundary region across the separatrix because
the two scale analysis is not valid for X-point geometry due to the very strong poloidal
magnetic shear structure.

Most properties of the RX turbulence in boundary plasma are consistent with the various
fluctuation measurements. From the correlation function, parameters like correlation time,
poloidal correlation length and poloidal propagation velocity have been extracted from the
BOUT simulations to characterize the fluctuations on DIII-D. The poloidal phase velocity
vp of the fluctuations in the midplane (Figures 2(a)) is in ion drift direction and becomes
negative (electron drift direction) close to the last closed flux surface (LCFS) and into the
edge of the main plasma. The velocity reversal has been observed in tokamaks, stellarators
and reversed field pinch confinement devices[14]. It is also shown that the E X B velocity
differs from the phase velocity by an amount of the order of the diamagnetic drift velocity.
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FIG. 2: (a) BOUT fluctuation phase velocity across the magnetic separatriz in boundary region
and E X B wvelocity, (b) The density fluctuations at outboard mid plane. H-mode structures are
broken up by flow shear.

Theory and interpretations of experimental data based the common assumption that the
phase velocity is controlled by E X B velocity have to be modified. The reversal of the
fluctuation phase velocity is due to RX turbulence, mainly inside LCFS and driven by
electron skin physics coupled with bad curvature, which is in electron drift direction.
Due to X-point physics, the influence of sheath physics is minimal, therefore the same
RX turbulence penetrates into the SOL. Because of the electron temperature decays
faster than ion temperature in the SOL, ion diamagnetic drift velocity dominates the
phase velocity deeply into the SOL. According to the energy conservation, RX turbulence
pumps expansion free energy from the plasma pressure gradient into flow energy via mode
coupling [15, 7]. The typical fluctuation parameters obtained are a correlation time 7, of
~30us, a poloidal correlation length A, of ~16p, ~4 cm, a radial correlation length
A, of ~5p; ~1 cm, and a poloidal propagation velocity of ~500m/s in the edge and
300m/s in SOL. The radial correlation length of fluctuations is smaller than poloidal
correlation length by a factor of 4, indicating oblique structures in the poloidal-radial
plane. In the direction parallel to the magnetic field, the correlation length A is very
long, A ~ mqR ~ 10m. The boundary plasma turbulence thus has a filaments structure
extending only a few cm perpendicular to the magnetic field but many meters in parallel
direction. These filaments are qualitatively consistent with the experimental observations
from high speed movies and videos [16]. The poloidal projection of the filaments has been
also called ‘eddies’ as shown in Fig. 2(b). For fixed background plasma profiles, there is
almost no radial propagation of the turbulence. In a dynamically steady state with the

sources and sinks, a very low radial (as compared to poloidal) propagation velocities of
200m/s has been found.

Particle transport perpendicular to the magnetic field I, results from correlated fluctua-



tions of the plasma drift velocity ¥, and density 71, and can be calculated from I', = (¥, 7).
A strong poloidal asymmetry of the turbulent flux of particle is shown in Fig. 3(a). Due to
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FIG. 8 The Turbulent particle fluz for the ion VB drift towards the X-point (solid line) and
ion VB drift away from the X-point (dashed line).

the X-point null, the plasma drift velocity v, o k, < nB;/RB, diverges there as B, — 0,
and thus a large particle flux is produced near the X-point region. The poloidal asymmetry
of the turbulent particle flux has been reported experimentally on the limiter machines
with a factor of 2 larger in low field side than high field side [17]. However, there is a much
stronger poloidal asymmetry in X-point divertor geometry. This also solve the paradox
from the JET probe measurements [18], where it has been reported that the mazimum of
the turbulent particle fluz is about a factor (3-5) larger than in limiter magnetic configu-
ration, for similar plasma parameters, which seems to be in contradiction with the plasma
global particle confinement times. To understand the paradox, we have to understand the
setup of the experiments. The turbulent particle transport has been measured in JET
with a Langmuir probe array system installed on the top of the machine on the low-field
side as shown in Fig. 3(a). It is then commonly assumped that the turbulent particle flux
measured locally at that position is charateristic of the whole surface of the torus. For
a limiter machine, an agreement within a factor of two usually was found. However, in
divertor machine it can be off as much as a factor of 10 as shown in Fig. 3(a).

3.2 The effect of direction of toroidal field on the RX mode

In this section, we investigate the sensitivity of the RX mode on the direction of toroidal
field B;. This work was motivated by the discovery of the ion V B drift effect on the H-mode
power threshold (Pry), where factors of 2-3 increase in the Pry are observed for the ion
V B drift away from the X-point. In previous work the collisional transport of ions near the
separatrix of a diverted tokamak plasma was shown to lead to an improvement in energy
confinement [19]. The direction of the poloidally averaged collisional ion heat flux is inward
if the drift is towards the X-point and outwards if the drift is away from the X-point. Thus
the cross field fluxes due to the VB drift enter as an additional power flow across the
separatrix, either adding to (ion VB drift toward the X-point) or subtracting from the
anomalous transport to determine the threshold power for the L-H transition. This VB



drift effect influences the power threshold for the L-H transition, not the transition itself
since it does not provide any turbulence suppression for the anomalous transport. A
theoretical model of H-mode transition triggered by condensed neutrals near X-point has
also been proposed [20]. Alternative to these mechanisms, the BOUT simulation results
show the sensitivity of the turbulence to the direction of toroidal magnetic field B, [7]. It
has been shown that the poloidal flow Vp changes sign with the reversal of the direction
of B; by keeping everything else the same. However, the phase velocity v, keeps the same
sign, indicating v, > Vp. The higher fluctuation levels in reversed B; than forward B,
in SN divertor tokamaks was observed due to a change in boundary flow direction away
from X-point that impacts the strong damping near the divertor X-point [7]. The particle
transport in the case of forward is about a factor of 2 larger than the reversed B;, as-
shown in Fig. 3(b).

3.3 Single-null vs. Double-null geometry

Experimental evidence suggests that the L-H transition threshold is higher in DN divertors
than in SN divertors. From the power balance, the power threshold is proportional to the
the anomalous transport. The higher power threshold means higher the fluctuation and
transport. Therefore, we can make the comparison of turbulence properties between SN
and DN configurations in the absence of the sources and sinks. To elucidate the role of the
magnetic geometry, we use the same plasma profiles for both SN and DN configuration.
Figures 4 shows that the RX modes are still the dominant mode in DN and fluctuation
level is higher than SN by a factor of 2. The reason is that there is more averaged bad
curvature drive in DN. It is worthwhile to point out that in recent experiment contrary to
previous experience, the balanced DN had lower H-mode power threshold than SN. The
difference would be higher trianglarity and better X-point control. The corresponding
simulations is under investigation.

<N(W,85(Pst)>:ms ) <N(\p767q’)1t)>rm5

0.228

Single-null Double-null

FIG. 4: (a) Ensemble averaged density fluctuation in SN X-point geometry, (b) Ensemble aver-
aged density fluctuation in double-null X-point geometry.

The National Spherical Torus Experiment (NSTX) is a spherical torus. It has features
similar to DN tokamak configurations but with different parameter regimes: large Larmor
radius, thus relative thick edge pedestal and large mirror ratio. Preliminary simulation



results show that for the plasma conditions similar to DIII-D the NSTX configuration
yields larger fluctuations on the high-field side of the torus inside the separatrix and
shorter poloidal correlation length. The dominant modes and turbulence saturation levels,
as well as transport in NSTX are similar to tokamaks such as DIII-D. These are strictly
fluid studies; it is likely that there is an increased role of kinetic effects resulting from the
relatively (compared to tokamaks) larger Larmor radius and smaller connection length in
the spherical torus.

3. L-H transitions with sources and sinks

The L-H transition physics has been extensively studied and many theoretical models have
been developed in past two decades. However, there is as yet no conclusive understanding
the mechanisms of the transition [21]. Although Alcator C-mod [22] shows interesting
agreement with the work in Ref. [23], comparisons with the theory and DIII-D [3, 24| and
COMPASS-D {25] data show that there is no evidence for a correlation of L-H transition
with a diamagnetic parameter ay;,. The recent H-mode plasmas have been directly pro-
duced on DIII-D by injecting frozen deuterium pellets into L-mode plasmas [24] . The
pellet injected from the low toroidal field side and high field side were both able to produce
H-mode transitions. The experimental results were compared with three most promised
theoretical models of the H-mode [26]. It has been shown that pellet induced H-modes
have L-H transitions at plasma parameters far below theoretical predictions. It is also
demonstrated that by keeping toroidal field and plasma profiles the same and moving ver-
tically to switch from lower to upper SN, the H-mode power threshold has been changed
by more than a factor of two. These experiments have once again clearly shown the impor-
tant role of the realistic X-point geometry in the L-H transition. Since the RX turbulence
model seems to reproduce many of the features of the boundary fluctuation and transport,
the properties of the L-H transition has also been explored [7]. Under DIII-D tokamak
L-mode conditions, the dominant source of turbulence is curvature-driven resistive X-
point modes (RX modes). With sources added in the core-edge region and sinks in the
scrape-off layer (SOL), the code follows the self-consistent profile evolution together with
turbulence. Results indicate that, as the power is increased, these modes are stabilized by
increased turbulence-generated velocity shear, resulting in an abrupt suppression of high-
n turbulence and formation of a pedestal in density and temperature, as is characteristic
of the H-mode transition. In the presence of the sources, turbulence-generated velocity
shear increases resulting from both higher fluctuation levels and large ion diamagnetic
contribution due to steeper gradients. Owing to the three dimensional nature of the prob-
lem, a simple scaling dependence of the power threshold is not yet produced. Nevertheless,
it is clearly shown that the L-H transition and the suppression of the turbulence results
when sources of energy and particles drive sufficient gradients as experiments.

To demonstrate the L-H transition in the BOUT simulation, the profiles are allowed to
fluctutate, and thus have to be sustained by a energy source. This source term is of the
form

S(z) = s8(z) (1)

$@) = eap (i@—gw"-‘—)) )

This source term exhibits a maximum at left boundary x = X and is such that it



decreases rapidly when approaching the separatrix. The reason for this choice is to simu-
late the power from the core and turbulence transport of the energy across the edge region
into the SOL. The link between the source amplitude and the total input power P, is
given by

m
IDinput - %307}0‘/ (3)
22 Roag\,
v o= L %8s 4
Nsim ( )

where V is the source volume. In this model, the edge gradient adjusts itself such that
the time average of the outflux balances the input flux (the radial integral of the source '
S). Figure 5(a) shows the density profile for various source amplitude. In these numerical
experiments, the injected particles have the background plasma ion temperture. Thus the
ion temperature remains the same with source on. This can be achieved experimentally
by both pallet injection and simultaneously auxiliary heating power [24]. Clearly, the
density and ion pressure profile steepens as the source amplitude increases. The time
evolution of the turbulence electron heat flux Q. = (4, T,) is illustrated in Figure 5 (b)
for several source rates. It is clearly shown that for large input power, the turbulence
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FIG. 5: (a) Plasma density profiles for the various particle fueling; (b) Time history of the
electron conduction heat fluz.

electron heat flux is suppressed by a factor of 4. For the case of high source amplitude
with L-H transition, the corresponding E X B velocity and the fluctuation phase velocity
is given in Figure 6(a). It is shown that both E X B velocity increases by a factor of 7
and the phase velocity by a factor of 2 after the transition. However, the phase velocity
is still larger than the E X B velocity by a factor of 2. As discussed in Ref.[7], the flow
shear is produced by poloidal spin-up driven by the turbulence-generated radial current
near the transition. After the transition the fluctuations are quenched, and therefore
the drive for the flow shear vanishes so that the VP; contribution remains. Therefore
the turbulent suppression remains as well. This feature is in qualitative agreement with
phase-transition models [27] and the nonlinear simulations of resistive pressure gradient
driven turbulence [28]. The radial profiles of the electron heat flux indicate the global
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suppression, as shown in Figure 6(b). In our previous work, we use neutral beams to heat
the plasma in such a way that the ion temperature increases while the density emains
constant. In this work, we ramp up the density profile while keeping the ion temperature
constant. Although as a final state the plasma pressure profile is same, we find it is easy
to get an L-H transition by heating ion directly because it is easy to get large negative of
E. ~ (1/Zen)dP;/dr shear.

High performance H-mode plasmas are often terminated or degraded by edge localized
instabilities (ELMs). Previous studies of H-mode discharges suggest an important role for
current and pressure driven modes in the intermediate range of toroidal mode numbers
(6 < m < 40). The BOUT code has been updated to include the equilibrium bootstrap
currents arising from edge pressure gradients. Including bootstrap effects, which can be
especially important in Advanced Tokamak modes of operation, allows BOUT to simulate
intermediate-n kink, peeling, and ballooning modes, and their interaction with RX modes.
Preliminary simulations from BOUT including the Pfirsch-Schluter current show stronger
linear instabilities and higher nonlinear saturation levels [29]. Results from simulations
including the full equilibrium current in various parameter regimes will be given in a
separate publication.

4. Summary and conclusions

BOUT contains much of the relevant physics for the pedestal barrier problem for the exper-
imentally relevant X-point divertor geometry. Encouraging results have been obtained
when using measured DIII-D profiles. The resistive X-point mode has been identified.
The comparisons of the shifted-circle vs. X-point geometry show the different dominanted
modes and turbulence fluctuation levels. The poloidal fluctuation phase velocity shows
experimentally measured structure across separatrix. The fluctuation phase velocity is
larger than E x B velocity, at least by a factor of two. A strong poloidal asymmetry of
particle flux in the proximity of the separatrix helps to explain the paradox of the JET
probe measurement of the particle lux. Our L-H transition with simple sources added



shows the transitions with resistive X-point modes dominating L-mode. The levels of tur-
bulence are similar to experimental measurements. The sensitivity of L-H transition to
the sign of B; may be due to poloidal symmetry breaking by the poloidal flow.
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